Introduction {#S5}
============

Nonalcoholic fatty liver disease (NAFLD) is a leading cause of chronic liver disease, with 20-30% of adults affected worldwide. While the majority of patients with NAFLD experience a benign course characterized by macrovesicular steatosis, up to 30% develop nonalcoholic steatohepatitis (NASH), cirrhosis, or hepatocellular carcinoma ([@R1]). Although age, gender, diet, and genetic factors influence the pathogenesis of NAFLD, obesity and insulin resistance (IR) are the strongest risk factors ([@R1], [@R2]). Obesity is characterized by excess accumulation of adipose tissue, a key endocrine organ that secretes numerous bioactive factors (adipokines) that are critical for metabolic homeostasis and systemic inflammation. In animal models of NAFLD, adipokines such as leptin, adiponectin, and apelin influence hepatic lipid disposal and insulin sensitivity ([@R1], [@R2], [@R3]). Furthermore, nonparenchymal components of adipose tissue secrete cytokines that regulate inflammation and fibrogenesis in the steatotic liver ([@R1], [@R2], [@R3]). Human studies of NAFLD have corroborated these findings, since levels of circulating adipokines reflect histologic markers of disease severity ([@R4]).

Autotaxin (ATX) \[ectonucleotide pyrophosphatase/phosphodiesterase family member 2 (ENPP2)\] is an adipokine with lysophospholipase D activity that hydrolyzes lysophosphatidylcholine (LPC) to lysophosphatidic acid (LPA) ([@R5]). LPA is a potent lipid mediator that acts through at least six known G-coupled protein receptors to influence numerous biological processes ([@R5]). Recently, the ATX-LPA pathway has been implicated in obesity and IR ([@R6]). In obese mice, both adipocyte-specific ATX deletion and pharmacologic inhibition improve glucose tolerance, whereas administration of LPA impairs glucose tolerance ([@R7], [@R8]). However, the *in vivo* metabolic effects and underlying mechanisms in murine models remain controversial ([@R9]). In obese humans, ATX mRNA expression in visceral adipose tissue is associated with impaired glucose tolerance ([@R10]). Furthermore, ATX-LPA signaling has been implicated in hepatic fibrogenesis, as LPA stimulates rat hepatic stellate cell proliferation and contractility ([@R11]). Finally, human studies of chronic hepatitis C reveal strong correlations between circulating ATX, LPA levels, and serum and histologic markers of hepatic fibrosis ([@R11]). Together these studies suggest that the ATX-LPA pathway may play a role in the pathogenesis of both obesity-related IR and hepatic injury. However, the relationship between serum ATX and obesity-associated metabolic and hepatic phenotypes remains unknown.

The goal of the present study was to determine the relationship between serum ATX and NAFLD in obese women. We hypothesized that serum ATX would be associated with NAFLD. To test this hypothesis, we assessed hepatic steatosis as well as other key metabolic parameters in severely obese, nondiabetic women. We then determined serum ATX and assessed its relationship with hepatic steatosis compared to other known adipokines. We found that serum ATX is higher in severely obese, nondiabetic women with NAFLD compared to those without NAFLD and is independently associated with hepatic steatosis in this population.

Methods {#S6}
=======

Study Design and Participation {#S7}
------------------------------

The current analysis was performed in a subset of participants previously enrolled in a randomized control trial of weight-loss interventions for severe obesity (RENEW, clinicaltrials.gov Trial Registration Identifier: NCT00712127) ([@R12]). The study was approved by the Institutional Review Board (IRB) at the University of Pittsburgh, and all subjects provided written informed consent prior to participation. From February 2007 to March 2009, women between 30 and 55 years of age were enrolled in a randomized, single-blind, control trial designed to assess the effects of weight loss and physical activity on obesity-related health risks. Inclusion criteria included body mass index (BMI) ≥ 35 kg/m^2^, ability to walk without assistance, and ability to obtain medical clearance for dietary and physical activity interventions. Exclusion criteria included diagnosis of cancer within 5 years of enrollment, history of coronary artery disease, prior participation in a weight-loss program within one year of enrollment, previous bariatric surgery, and history of uncontrolled hypertension, diabetes mellitus, or pregnancy within 6 months of enrollment. Participants with liver enzyme levels greater than 30% above the upper limit of normal laboratory ranges were excluded.

Demographic and Clinical Evaluation {#S8}
-----------------------------------

Participant race and ethanol use were self-reported. For the 12-month period prior to enrollment, all subjects were asked to quantify both the average frequency of drinking episodes and average number of drinks per episode. The Cut down/Annoyed/Guilty/Eye-Opener (CAGE) questionnaire was used to screen for ethanol dependence (**[Table S1](#SD1){ref-type="supplementary-material"})**. Subjects underwent measurements of height and weight to calculate BMI. Resting systolic (SBP) and diastolic blood pressures (DBP) were determined using an automated arm sphygmomanometer. Clinical laboratory parameters were determined in serum derived from 12-h fasted subjects using the University of Pittsburgh core laboratory and included the following: AST, ALT, alkaline phosphatase, creatinine, cholesterol (total, VLDL, LDL, HDL), triglycerides, glucose, and insulin. The homeostatic model assessment of insulin resistance (HOMA-IR) index was calculated as glucose (mg/dl) × insulin (mU/L)/405.

Determination of Metabolic Syndrome {#S9}
-----------------------------------

The presence of metabolic syndrome (MetS) was determined using the 2004 National Cholesterol Education Program Adult Treatment Panel III guidelines ([@R13]). Components of MetS in women included waist circumference ≥ 88 cm, SBP ≥ 130 mm Hg or DSP ≥ 85 mm Hg or use of antihypertensive medications, fasting triglyceride level ≥ 150 mg/dl or on drug treatment for elevated triglycerides, HDL \< 50 mg/dl or on drug treatment of low HDL, and fasting glucose ≥ 100 mg/dl. MetS is defined as the presence of three or more criteria.

Hepatic Fat Content Measurement {#S10}
-------------------------------

Hepatic steatosis was assessed using hepatic and splenic attenuation data from unenhanced abdominal CT scans as previously described ([@R12]). The liver:spleen attenuation ratio (L/S ratio) was calculated as the primary measure of hepatic fat content ([@R14]). Shores *et al.* ([@R15]) demonstrated that L/S ratio strongly correlates with both histologic degree of steatosis (*r* = −0.89, *p* \< 0.0001) and hepatic triglyceride content (*r* = −0.80, *p* \< 0.001) in severely obese patients. Histologic diagnosis of NAFLD requires at least 5% steatosis ([@R1]), and multiple studies have demonstrated that a CT-determined L/S ratio less than 1.1 is strongly predictive of moderate (at least 30%) macrovesicular steatosis by liver biopsy ([@R14], [@R16]). Therefore, NAFLD was defined as an L/S ratio of less than 1.1.

Serum adipokine measurement {#S11}
---------------------------

The current study was performed using previously collected specimens from the RENEW trial. Serum was isolated by centrifugation, aliquoted, and immediately stored at −80° C for future use. Serum levels of IL-6, CRP, and leptin were previously measured as part of the RENEW trial ([@R12]), while serum ATX and adiponectin levels were assayed by ELISA (R&D Systems). ATX protein strongly correlates with ATX activity ([@R17]).

Statistical Analysis {#S12}
--------------------

Statistical analysis was performed with Stata version 11 (StataCorp), and GraphPad Prism version 6.0 (GraphPad Software). Clinical and demographic characteristics were reported with absolute frequencies, percentages, medians, and interquartile ranges (IQR). Comparisons between groups were performed with Fisher\'s exact test for categorical variables or the Mann Whitney *U* test for continuous variables. Outliers were identified as serum ATX greater than 2 quartiles above the median, resulting in exclusion of one participant. Adipokines were assessed for normal distribution using the Shapiro-Wilk test, and, as all adipokines failed normality testing, log-transformation was applied. Among the log-transformed adipokines, only log-transformed ATX exhibited normal distribution, and hence log-normalized ATX levels were compared between groups by Welch\'s t-tests. All other adipokine levels were compared using the Mann-Whitney *U* test. Correlation between variables was determined using partial Spearman\'s rank correlation coefficient analysis with adjustment for race. Linear regression was used to determine predictors of L/S ratio, and patient characteristics with *p* \< 0.2 in univariate models were included with age in the multivariate analysis. To create the most parsimonious model, a backward stepwise elimination algorithm was used to select regressors for the multivariable model. Variance inflation factors were checked in the final model to ensure no collinearity between explanatory variables, and both graphical methods as well as Cameron-Trivedi tests were performed to ensure homoskedacity of the multivariate model.

Results {#S13}
=======

Clinical and Demographic Features of Participants {#S14}
-------------------------------------------------

Clinical and demographic characteristics are summarized in **[Table 1](#T1){ref-type="table"}**. Among 101 severely obese women, 37 (36.6%) exhibited CT evidence of NAFLD by L/S ratio of less than 1.1. Self-reported patterns of alcohol use were similar among subjects with and without NAFLD, and no study participants exhibited alcohol dependence by CAGE questionnaire (**[Table S1](#SD1){ref-type="supplementary-material"}**). Furthermore, although serum ALT was higher in subjects with NAFLD, the ALT as well as other liver function tests (AST, alkaline phosphatase) were within the normal range for all subjects. There were no differences in ethnic distribution, antihypertensive medication use, lipid-lowering medication use, or tobacco use between subjects with and without NAFLD. The median BMI of the study population was 42.9 (IQR 40.1-46.1). Subjects with NAFLD had higher measures of weight/adiposity including BMI and waist circumference. Blood pressure and serum cholesterol (total, HDL, and LDL) did not differ between groups. However, both serum triglycerides as well as measures of glucose homeostasis (fasting glucose, insulin, and HOMA-IR) were higher in participants with NAFLD. Overall, 59% of the study population had MetS, but there were no differences in either the prevalence of MetS or the number of MetS features between subjects with and without NAFLD. These findings demonstrate that among nondiabetic women with severe obesity, IR and hypertriglyceridemia are cardinal features of NAFLD.

Serum ATX is higher in NAFLD and is positively correlated with IR in severely obese women {#S15}
-----------------------------------------------------------------------------------------

Since adipokines modulate hepatic metabolism in animal and human studies of NAFLD ([@R2], [@R3]), we measured serum ATX and other key adipokines (**[Figure 1](#F1){ref-type="fig"}, [Table S2](#SD1){ref-type="supplementary-material"})**. Interestingly, serum adipokines traditionally associated with more advanced NAFLD, including elevated CRP ([@R18], [@R19]) and IL-6 ([@R20], [@R21]) and decreased adiponectin ([@R4], [@R21]), were not observed in subjects with NAFLD compared to those without NAFLD, reflecting early disease in this study cohort. Only serum leptin \[63.00 ng/ml (IQR, 50.55-76.80) vs. 53.60 ng/ml (37.95-63.58), *p* = 0.019)\] and ATX \[298.04 ng/ml (266.72-379.46) vs. 279.04 ng/ml (223.70-317.96), *p* = 0.022\] were significantly higher in subjects with NAFLD, indicating that ATX may provide additional sensitivity for early identification of hepatic steatosis in severely obese women. Next, we determined race-adjusted partial correlations between serum ATX and patient characteristics (**[Figure 2](#F2){ref-type="fig"}**). Only alkaline phosphatase and markers of IR (fasting blood glucose, fasting serum insulin, and HOMA-IR) exhibited significant, positive correlations with serum ATX. On the other hand, neither weight nor BMI were correlated with serum ATX concentrations, suggesting that serum ATX levels are primarily related to IR in severely obese women. Finally, medication use did not influence serum ATX, as ATX levels were unchanged regardless of antihypertensive medication use \[287.38 ng/ml (222.88-353.69) with use vs. 279.04 ng/ml (227.34-305.94) without, *p* = 0.251\] or lipid-lowering agent use \[357.14 ng/ml (230.02-297.54) with use vs. 280.31 ng/ml (222.88-313.57.91) without, *p* = 0.743\].

Liver:spleen ratio is correlated with serum ATX and multiple features of MetS {#S16}
-----------------------------------------------------------------------------

Since L/S ratio is a continuous estimation of hepatic steatosis, we used race-adjusted partial Spearman correlation analysis to identify relationships between L/S ratio and subject characteristcs. As expected, multiple features of MetS were significantly related to L/S ratio (**[Figure 3](#F3){ref-type="fig"}**): waist ciracumference, glucose, HOMA-IR, VLDL, and triglycerides were negatively correlated with L/S ratio, whereas HDL was positively correlated with L/S ratio. Serum ALT was also negatively correlated with L/S ratio, consistent with early liver dysfunction with hepatic steatosis. Interestingly, serum ATX demonstrated a similar relationship and was the only measured adipokine significantly correlated with L/S ratio, thus highlighting a potential association between ATX and severity of steatosis.

Serum ATX and triglycerides are independently associated with hepatic steatosis in severely obese women {#S17}
-------------------------------------------------------------------------------------------------------

To identify characteristics associated with hepatic steatosis, we used linear regression analysis. Regression variables with *p* \< 0.2 in univariate analyses (**[Table 2](#T2){ref-type="table"}**) were included with demographic features in a backward stepwise elimination algorithm to generate the final multivariable model (**[Table 3](#T3){ref-type="table"}**). While BMI and blood pressure were not associated with L/S ratio in the univariate analysis (at *p*\<0.05), other markers of the metabolic syndrome, including waist circumference, HOMA-IR, serum triglycerides, and serum HDL exhibited significant univariate relationships with hepatic steatosis. Among serologic biomarkers, ATX and log-transformed ATX were associated with hepatic steatosis in univariate models. Multivariable regression analysis revealed that log-transformed ATX and serum triglycerides were independently associated with hepatic steatosis.

Although BMI was not significantly associated with L/S ratio in univariate analysis, we re-analyzed the final multivariable model with BMI to determine its effect on the other model regressors; the conclusions of the model were qualitatively unchanged after inclusion of BMI (**[Table S3](#SD1){ref-type="supplementary-material"}**).

Discussion {#S18}
==========

ATX is an adipocyte-secreted lysophospholipase D recently implicated in the pathogenesis of obesity and/or IR in rodents and humans ([@R6]). Since both obesity and IR are strong risk factors for NAFLD, we measured serum ATX along with other adipokines as well as hepatic, metabolic, and anthropometric characteristics to determine the relationship between ATX and hepatic steatosis in a cohort of severely obese, nondiabetic women. Four important observations were noted. First, severely obese women with CT evidence of moderate hepatic steatosis exhibited a metabolic phenotype characterized by greater IR and hypertriglyceridemia. Second, among measured adipokines, serum ATX and leptin were higher in subjects with NAFLD. Next, markers of IR (fasting glucose, insulin, and HOMA-IR) exhibited significant, positive correlations with serum ATX levels. Finally, linear regression analysis revealed that log-transformed serum ATX and serum triglycerides were independently associated with the NAFLD in severely obese women.

Even among severely obese women without overt diabetes, NAFLD was present in 36.6% of participants. While significantly lower than the 50-90% reported prevalence in previous studies of severe obesity ([@R22], [@R23], [@R24], [@R25], [@R26]), this figure is concerning, since NAFLD is associated with greater liver-related and cardiovascular morbidity and mortality ([@R27], [@R28]). We suspect disparities in reported prevalence are due to differences in cohorts, since previous NAFLD prevalence studies derived data from bariatric surgery patients who typically exhibit more advanced metabolic derangements. In the current study, although the prevalence of metabolic syndrome and the number of metabolic syndrome features were similar between groups, individuals with NAFLD were more insulin resistant (by HOMA-IR) than those without NAFLD.

Given the close association between greater adiposity, adipocyte dysfunction, and NAFLD, the relationships between several serum adipokines and hepatic steatosis have been evaluated ([@R25], [@R29], [@R30], [@R31]). In the present study, serum ATX and leptin were higher in individuals with CT evidence of hepatic steatosis, whereas liver function tests and other adipokines traditionally associated with NAFLD ([@R2], [@R3]) did not differ between groups. Although alterations in these factors are described in NAFLD, serum concentrations were most strongly associated with steatohepatitis, fibrosis, and cirrhosis ([@R19], [@R29], [@R32]). Therefore, while CT assessment cannot definitively diagnose NAFLD severity ([@R33]), the absence of significant changes in serum IL-6, CRP, and adiponectin likely indicate milder disease (simple steatosis) in this cohort. Together, this adipokine pattern suggests that serum ATX may provide enhanced discrimination of early NAFLD in severely obese women.

Because serum ATX was higher in subjects with NAFLD, we examined correlations between serum ATX and markers of metabolic dysfunction to identify factors influencing ATX elevation in this cohort. Serum ATX levels were positively correlated with alkaline phosphatase, fasting blood glucose, fasting serum insulin, and HOMA-IR. Interestingly, although ATX is produced and secreted by adipocytes ([@R34], [@R35]), serum ATX was not correlated with markers of adiposity including weight, BMI, or waist circumference. The lack of a relationship with the latter is notable because prior work has demonstrated higher ATX mRNA expression in visceral fat of obese human subjects ([@R10]). One possible explanation is inclusion of only women with extreme obesity in the present study. Boucher, et al., likewise failed to demonstrate a correlation between adipose tissue ATX mRNA expression and BMI in a population of similarly obese women ([@R36]), whereas a recent study of a more diverse population revealed a negative correlation between BMI and both serum ATX and subcutaneous adipose tissue ATX mRNA expression ([@R9]). In contrast, serum ATX levels were positively correlated with multiple measures of IR in the present study, suggesting that circulating ATX has a greater relationship with obesity-related derangements in glucose homeostasis and/or insulin action rather than adiposity *per se*.

In addition to the above, serum ATX may be influenced by hepatic clearance, since serum ATX was also positively correlated with alkaline phosphatase in this cohort. While the precise fate of circulating ATX remains unclear, both human and animal studies suggest that ATX is metabolized by the liver ([@R11]). In a murine study of ATX catabolism, hepatic sinusoidal endothelial cells were shown to rapidly bind and eliminate circulating ATX ([@R37]). In rat models of chronic liver injury, serum ATX and LPA concentrations were higher despite unchanged hepatic ATX mRNA expression ([@R38]). In addition, rodents undergoing 70% partial hepatectomy exhibited a rapid rise in circulating ATX and LPA, suggesting decreased hepatic clearance ([@R38]). These observations are further corroborated by human studies of liver disease, where both serum LPA and ATX increased with advanced histologic stage in patients with chronic hepatitis C ([@R17]). As subjects in the current study did not exhibit overt clinical evidence of liver injury, observed serum ATX elevations in patients with NAFLD may highlight the role of ATX as an early marker of subclinical hepatic dysfunction.

An important question to consider is whether serum ATX might contribute mechanistically to the pathogenesis of NAFLD. The ATX-LPA system influences adipocyte biology and whole body lipid partitioning ([@R6]). Specifically, in cultured adipocytes, manipulation of LPA or its receptor (LPAR1) inhibits adipocyte differentiation, in part via down-regulation of PPARγ2 ([@R39]). Conversely, in rodent models, adipocyte-specific disruption of ATX promotes adipose tissue expansion / diet-induced obesity but improves glucose tolerance ([@R7]). Although a recent study suggests a more complex role of ATX in adipocyte biology and obesity ([@R9]), these findings nonetheless suggest a potential model in which adipocyte-secreted ATX increases LPA, which in turn negatively regulates adipocyte differentiation and energy storage capacity, thereby impairing glucose tolerance and promoting ectopic lipid accumulation. These phenomena may contribute to hepatic steatosis. Indeed, results from our multivariate linear regression analysis support this hypothesis, since we identified log-transformed ATX and serum triglycerides as independent regressors for hepatic steatosis. A second multivariable analysis including BMI did not change the conclusions of the model, indicating that the findings were independent of obesity status. Hypertriglyceridemia has been previously reported to increase the risk for developing NAFLD ([@R1]). The greater serum triglyceride pool may reflect enhanced hepatic *de novo* lipogenesis and hepatic VLDL secretion occurring in response to increased hepatic fatty acid influx often associated with IR. ([@R31], [@R40]). Thus, the association of serum ATX with hepatic steatosis may be due to ATX-mediated adipocyte dysfunction and impaired glucose homeostasis, but further studies are required to confirm this.

A few limitations of our study are noted. First, because this was a retrospective analysis of prospectively collected data, causal relationships could not be ascertained. Second, the study population was limited to severely obese women (obesity class II and III), thereby limiting the generalizability of our findings. Third, our characterization of NAFLD was limited to CT L/S ratio and liver function tests. Greater discrimination of the relationship between NAFLD and serum ATX could be determined with a wider spectrum and more precise histological confirmation of NALFD severity. Finally, although ATX is elevated in patients with chronic hepatitis C ([@R17]), serologic testing for viral hepatitis was not performed. However, the probability of viral hepatitis in this population is low since participants with liver enzyme levels 30% or more above the upper limit of normal range were excluded from the study. Despite these limitations, examining of this high-risk cohort with relatively mild metabolic dysfunction identified ATX as a marker of early NAFLD.

In summary, this study demonstrates for the first time that serum ATX is significantly higher with early or mild NAFLD and is independently associated with hepatic steatosis in severely obese, nondiabetic females. These findings suggest that serum ATX may be a potential pathogenic factor and/or useful biomarker for NAFLD in this population. Future studies are required to further define the relationship between serum ATX, LPA signaling and hepatic steatosis as well as to determine potential mechanistic links between the ATX-LPA system and both hepatic and metabolic disease.
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###### Key points

**What is already known about this subject:** Autotaxin (ATX) \[ectonucleotide pyrophosphatase/phosphodiesterase family member 2 (ENPP2)\] is an adipocyte secreted protein responsible for generating the lipid signaling molecule lysophosphatidic acid (LPA).The ATX-LPA pathway has recently been implicated in adipocyte biology as well as glucose homeostasis / insulin action in cell and animal models.The relationship between serum ATX and obesity-associated metabolic complications such as non-alcoholic fatty liver disease (NAFLD) in humans remains poorly understood.

**What this study adds:** In severely obese, nondiabetic women, serum ATX and leptin are higher in subjects with NAFLD compared to those without NAFLD.In severely obese, nondiabetic women, serum ATX positively correlates with markers of insulin resistance (fasting glucose, insulin, and HOMA-IR).In severely obese, nondiabetic women, log-transformed serum ATX and serum triglycerides are independently associated with hepatic steatosis.

![Tukey box whisker plots of circulating concentrations of C-reactive protein, interleukin-6, adiponectin, leptin, and ATX in subjects with and without NAFLD. The Tukey method of box whisker plot was used to generate the box whisker plot: the difference between the 25^th^ and 75^th^ percentiles was defined as the interquartile range (IQR). The upper and lower limits of the whiskers were defined using the 75^th^ percentile plus 1.5IQR and 25^th^ percentile plus 1.5IQR, respectively, in comparison with the largest and smallest data set values. \*, *p* \< 0.05.](nihms-636179-f0001){#F1}

![Race-adjusted Spearman partial correlations of serum ATX with alkaline phosphatase, glucose, insulin, and HOMA-IR.](nihms-636179-f0002){#F2}

![Race-adjusted Spearman partial correlations of L/S ratio with waist circumference, glucose, HOMA-IR, VLDL, triglycerides, HDL, ALT, and serum ATX.](nihms-636179-f0003){#F3}

###### 

Baseline characteristics of patients stratified by liver:spleen attenuation ratio of 1.1 on abdominal CT. All values are expressed as medians and IQRs unless otherwise specified. Continuous variables were compared with Mann-Whitney *U* test. Categorical variables were compared with Fisher\'s exact test. Significant differences between groups (*p*\<0.05) are highlighted in bold. ALT, alanine transaminase; AST, aspartate transaminase; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment insulin resistance; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein; WHO, World Health Organization. Clinical and Demographic Characteristics of Participants

  Characteristics                              Total (N=101)         NAFLD (N=37)          No NAFLD (N=64)       *P* Value
  -------------------------------------------- --------------------- --------------------- --------------------- -------------
  **Age**                                      47.5 (41.4-52.1)      46.8 (39.8-51.0)      47.7 (41.7-53.2)      0.390
  **African American, n (%)**                  37 (36.6%)            11 (29.8%)            26 (40.6%)            0.289
  **Tobacco use, n (%)**                       11 (10.9%)            4 (10.8%)             7 (10.9%)             1.000
  **Antihypertensive medication use, n (%)**   35 (34.6%)            15 (40.5%)            20 (31.3%)            0.387
  **Lipid-lowering medication use, n (%)**     9 (8.9%)              1 (2.7%)              8 (12.5%)             0.150
  **Weight, kg**                               113.2 (103.8-126.3)   123.0 (108.4-132.7)   111.3 (101.3-121.0)   **0.004**
  **Body Mass Index, kg/m^2^**                 42.9 (40.0-46.1)      44.5 (41.8-49.0)      41.7 (38.3-44.1)      **\<0.001**
  **WHO Obesity Class II**                     25 (24.8%)            4 (10.8%)             21 (32.8%)            **0.017**
  **Waist circumference, cm**                  120.2 (113.1-128.6)   127.0 (115.2-133.7)   117.6 (112.1-126.4)   **0.002**
  **Systolic blood pressure, mm Hg**           136 (127-146)         136 (129-144)         136 (126-148)         0.910
  **Diastolic blood pressure, mm Hg**          78 (72-83)            77 (73-81)            80 (70-83)            0.716
  **Glucose, mg/dl**                           94.0 (83.5-100.0)     95.0 (88.3-103.0)     90.0 (82.0-96.0)      **0.006**
  **Insulin, mU/L**                            14.78 (9.01-19.63)    17.41 (11.56-21.36)   13.28 (8.89-18.78)    **0.016**
  **HOMA-IR Index**                            3.30 (2.07-4.75)      4.07 (2.64-5.23)      2.73 (1.81-4.11)      **0.004**
  **Total cholesterol, mg/dl**                 192.0 (166.5-207.5)   187 (168-211)         193 (165-207)         0.902
  **HDL, mg/dl**                               48 (41-56)            46 (41-52.5)          50 (41-58)            0.112
  **LDL, mg/dl**                               121.0 (105.5-137.0)   121 (108-136)         125 (104-137)         0.947
  **VLDL, mg/dl**                              17 (14-24)            19 (15-25)            16 (13-22)            **0.023**
  **Triglycerides, mg/dl**                     103 (86.0-141.5)      118 (92-155)          97 (79-131)           **0.015**
  **Number of metabolic syndrome features**    3 (2-3)               3 (2-4)               3 (2-3)               **0.111**
  **Metabolic syndrome, n (%)**                59 (58.4%)            26 (70.3%)            33 (51.6%)            0.093
  **AST, U/L**                                 24 (21-27)            24 (21-28)            24 (21-27)            0.541
  **ALT, U/L**                                 28 (24-35)            33 (26-37)            26 (22-33)            **0.008**
  **Alkaline phosphatase, U/L**                85 (74-98)            87 (77-103)           83 (72-97)            0.231
  **Creatinine, mg/dl**                        0.8 (0.7-0.9)         0.8 (0.7-0.9)         0.8 (0.7-0.9)         0.128

###### 

Univariate linear regression analysis of features associated with hepatic steatosis as measured by L/S ratio. HOMA-IR, homeostatic model assessment insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein. Features associated with L/S ratio at *p*\<0.05 are highlighted in bold. Features with *p*\<0.2 were included in the multivariable analysis. Nonstandardized regression coefficients (B) are reported.

  Characteristics                  Univariate B (95% CI)       *P* Value
  -------------------------------- --------------------------- -----------
  **Age**                          0.003 (−0.003 -- 0.010)     0.313
  **African American ethnicity**   −0.078 (−0.166 -- 0.011)    0.085
  **Smoking**                      −0.012 (−0.152 -- 0.127)    0.864
  **Weight**                       −0.002 (−0.005 -- 0.001)    0.205
  **Body mass index**              −0.006 (−0.014 -- 0.002)    0.157
  **Waist circumference**          −0.004 (−0.008 -- −0.001)   0.034
  **Systolic blood pressure**      −0.001 (−0.004 -- 0.002)    0.420
  **Diastolic blood pressure**     −0.003 (−0.008 -- 0.002)    0.265
  **HOMA-IR**                      −0.026 (−0.048 -- 0.003)    0.026
  **HDL**                          0.004 (0.001 -- 0.008)      0.023
  **LDL**                          −0.001 (−0.002 -- 0.001)    0.652
  **VLDL**                         −0.005 (−0.009 -- −0.001)   0.014
  **Triglycerides**                −0.001 (−0.002 -- −0.001)   0.006
  **Creatinine**                   0.271 (−0.035 -- 0.579)     0.082
  **C-reactive protein**           −0.003 (−0.008 -- 0.003)    0.368
  **Interleukin-6**                0.008 (−0.015 -- −0.031)    0.500
  **Leptin**                       −0.001 (−0.003 -- 0.001)    0.459
  **Adiponectin**                  0.007 (−0.003 -- 0.017)     0.153
  **Autotaxin**                    −0.001 (−0.001 -- −0.001)   0.003
  **Log Autotaxin**                −0.234 (−0.389 -- −0.079)   0.004

###### 

Multivariable linear regression analysis of features associated with hepatic steatosis. The model was determined using automated backward stepwise elimination. Nonstandardized regression coefficients (B) are reported. Multivariable linear regression model of features associated with hepatic steatosis

  Characteristics           Multivariate B (95% CI)      *P* Value
  ------------------------- ---------------------------- -----------
  **Race**                  −0.060 (−0.143 -- 0.024)     0.161
  **Waist circumference**   −0.003 (−0.007 -- 0.0003)    0.079
  **Triglycerides**         −0.001 (−0.001 -- −0.0001)   0.018
  **Log Autotaxin**         −0.173 (−0.327 -- −0.018)    0.029
